The fast contraction time of mouse motor units creates a unique situation in which motoneurons have to fire at low frequencies to produce small forces but also at very high frequency (much higher than in cat or rat motoneurons) to reach the fusion frequency of their motor units. To understand how this problem is solved, we performed intracellular recordings of adult mouse spinal motoneurons and investigated systematically their subthreshold properties and their discharge pattern. We show that mouse motoneurons have a much wider range of firing frequencies than cat and rat motoneurons because of three salient features. First, they have a short membrane time constant. This results in a higher cutoff frequency and a higher resonance frequency, which allow mouse motoneurons to integrate inputs at higher frequencies. Second, their afterhyperpolarization (AHP) is faster, allowing the motoneurons to discharge at a higher rate. Third, motoneurons display high-frequency (100 -150 Hz) subthreshold oscillations during the interspike intervals. The fast membrane kinetics greatly favors the appearance of these oscillations, creating a "subprimary range" of firing. In this range, which has never been reported in cat and in rat spinal motoneurons, the oscillations follow the AHP and trigger spiking after a variable delay, allowing a discharge at low frequency but at the expense of an irregular rate.
Introduction
Murine models of human degenerative diseases of motoneurons, such as amyotrophic lateral sclerosis or spinal muscular atrophy, have been available for some years (Gurney et al., 1994; Frugier et al., 2000; Hsieh-Li et al., 2000; Monani et al., 2000) . To decipher the pathophysiological mechanisms leading to degeneration, it is crucial to investigate the electrophysiological properties of the motoneurons. As yet, electrophysiological studies have only been performed in embryonic cultures of motoneurons and in isolated lumbar cords of neonatal animals (Kuo et al., 2005; Bories et al., 2007; van Zundert et al., 2008) . However, electrophysiological investigations in older animals, at the onset of symptoms and during the course of the disease, can only be performed in vivo.
Very few intracellular recordings of motoneurons have been made in adult anesthetized mice (Huizar et al., 1975; Alstermark and Ogawa, 2004; Meehan et al., 2008) . Despite these studies, the intrinsic properties of adult mouse motoneurons remain primarily unknown because of the difficulty in obtaining stable recordings. In the present study, we have developed a preparation that allows us to make stable intracellular recordings in lumbar motoneurons of adult anesthetized mice. As a first step, we systematically investigated the subthreshold and the discharge properties of mature mouse motoneurons in wild-type mice.
We studied the properties that allow mouse motoneurons to drive motor units that are contracting faster than in rats or cats (Lewis et al., 1982; Bateson and Parry, 1983) . This short contraction time creates a unique situation in which mouse motoneurons have to discharge at a high rate to reach the tetanus fusion frequency of their motor units, but still need to be able to fire at low frequencies to produce small forces. In other words, mouse motoneurons require a wide firing range. Mouse motoneurons solve this problem using three striking features. First, they have a shorter membrane time constant than cat and rat motoneurons. This results in a higher cutoff frequency and a higher resonance frequency, allowing mouse motoneurons to integrate inputs at higher frequencies. Second, their afterhyperpolarization (AHP) is faster, allowing the motoneurons to discharge at a higher rate. Third, motoneurons display high-frequency (100 -150 Hz) subthreshold oscillations during the interspike intervals. The fast membrane kinetics greatly favors the appearance of these oscillations that create a "subprimary range" of firing. In this range, which has never been reported in cat and in rat spinal motoneurons, the oscillations follow the AHP and trigger spiking after a variable delay, allowing a discharge at low frequency but at the expense of an irregular rate.
Materials and Methods
Animal preparation. Experiments were performed on 20 adult mice weighing 20 -42 g (strains used were OF1, CD1, C57SJL, and C57BL/6, either from Charles River Laboratories France or bred at Northwestern University). The same protocol was used in experiments in Paris and in Chicago. They yielded the same results, and the data were pooled together. In accordance with French legislation, the investigators had valid licenses to perform experiments on live vertebrates delivered by the Direction des Services Vétérinaires (Préfecture de Police, Paris). Experiments conducted at Northwestern University were performed under full approval from the Northwestern University Animal Care and Use Committee. At the onset of experiment, atropine (0.20 mg/kg; Aguettant) and methylprenidsolone (0.05 mg; Solu-Medrol; Pfizer) were given subcutaneously to prevent salivation and edema, respectively. Fifteen minutes later, the anesthesia was induced with an intraperitoneal injection of sodium pentobarbitone (70 mg/kg; Pentobarbital; sanofi-aventis). A tracheotomy was performed, and the mouse was artificially ventilated with pure oxygen (SAR-830/P ventilator; CWE). The end tidal PCO 2 was maintained around 4% (MicroCapstar; CWE). The heart rate was monitored (CT-1000; CWE), and the central temperature was kept at 38°C using an infrared heating lamp. A catheter was introduced in the external jugular vein, allowing us to supplement the anesthesia whenever necessary (usually every 10 -20 min) by intravenous injections (6 mg/kg). The adequacy of anesthesia was assessed on lack of noxious reflexes and on the stability of the heart rate (usually 400 -500 bpm) and end-tidal PCO 2 . A slow intravenous infusion (50 l/h) of a 4% glucose solution containing NaHCO 3 (1%) and gelatin (14%; Plasmagel; Roger Bellon) helped to maintain the physiological parameters. The sciatic nerve was dissected and mounted on a monopolar electrode for stimulation. The vertebral column was immobilized with two pairs of horizontal bars (Cunningham Spinal Adaptor; Stoelting) applied on the Th12 and L2 vertebral bodies, and the L3-L4 spinal segments were exposed by a laminectomy at the Th13-L1 level. The tissues in hindlimb and the spinal cord were covered with pools of mineral oil. After the surgery, the animal was paralyzed with pancuronium bromide (Pavulon; Organon; initial bolus was 0.1 mg, followed by a continuous infusion 0.01 mg/h). This preparation allowed us to keep the animal for 6 -10 h after the end of the surgery and to make stable intracellular recordings of motoneurons. At the end of the experiments, animals were killed with a lethal intravenous injection of pentobarbitone.
Recordings. Intracellular recordings of motoneurons were done using micropipettes (tip diameter, 1.0 -1.5 m) filled either with 3 M KCl (resistance, 5-10 M⍀) or, in two experiments, with 2 M potassium acetate (resistance, 10 -18 M⍀). The results were the same with both types of electrodes. Recordings were made using the Axoclamp 2B amplifier (Molecular Devices) connected to a Power1401 interface and using the Spike2 software (CED). After impalement, identification of motoneurons rested on the observation of antidromic action potentials in response to the electrical stimulation of their axon in the sciatic nerve as shown in Figure 1A 1 -A 3 . As in cats, the recruitment threshold for motor axons was higher than the recruitment threshold of Ia afferents, and the antidromic action potential abolished the orthodromic one because of the refractoriness that followed the antidromic spike. However, the antidromic action potential was blocked in some motoneurons. In these cases, motoneurons were identified on the observation of a monosynaptic EPSP, or an orthodromic action potential, and on the fact they were located in the vicinity (same depth) of identified motoneurons. All motoneurons retained for analysis had a resting membrane potential more hyperpolarized than Ϫ50 mV and an overshooting action potential Ͼ65 mV. Low resting membrane potentials coupled with large spike amplitudes indicated that the microelectrode impalements did not elicit a large somatic shunt. No leakage of the dye was observed out of the soma in motoneurons labeled intracellularly after the recording (Fig. 1 B) .
All recordings (except for the membrane time constant measurement, which was done in Bridge mode) were performed using the Discontinuous Current Clamp mode (7-9 kHz) of the amplifier because it allows for reliable measurements of the membrane potential, even when large currents are injected (Brizzi et al., 2004) .
Subthreshold properties. A series of small-amplitude (Ϫ3 to ϩ3 nA), 500 ms square current pulses were used to plot the I-V relationship. As mouse motoneurons display a sag (see Fig. 2B ), measurements were made both at the peak and the plateau of the voltage responses, yielding two I-V curves. The peak (R peak ) and the plateau input resistances (R plateau ) were estimated by the slope of the linear regressions in the Ϫ1.5 to ϩ1.5 nA range. This portion of the I-V curves was always linear. The "sag ratio" of the voltage response was then computed as the ratio of the peak resistance over the plateau resistance (Manuel et al., 2005) .
The membrane time constant was measured using the relaxation of the potential after the injection of small hyperpolarizing current pulses (Ϫ5 nA, 1 ms). The membrane time constant ( m ) was obtained by fitting a straight line to the linear portion of the logarithm of the voltage. . A 1 , At an intensity just above threshold for recruitment of group I afferents (1.1 ϫ T), an EPSP appeared in response to the electrical stimulation. The EPSP was monosynaptic because its central latency, 0.4 ms (small vertical dotted lines), was too short for a pathway involving more than one synapse. Traces are an average of eight sweeps. A 2 , Increasing the stimulation intensity (2.0 ϫ T) increased the size of the EPSP until it was large enough to trigger an orthodromic spike. Traces are an average of nine sweeps. Notice that the stimulation artifact appears smaller because of some jitter in the spike time, which has been used as reference to average the traces. A 3 , When the stimulation intensity was increased even more (2.1 ϫ T), the axon was recruited, and an antidromic action potential appeared with a 1.2 ms latency with respect to the stimulation time. Given a conduction length of 38 mm, the axonal conduction velocity was 32 m/s. Traces are an average of six sweeps. B 1 , Intracellular labeling of the same motoneuron with tetramethylrhodamine dextran (2%; 3000 MW; Invitrogen) in the recording microelectrode. After the recording session, the dye was injected into the neuron with a continuous depolarizing current (total 27 nA⅐min). Forty-five minutes later, the mouse was perfused intracardially with 40 ml of PBS and then 200 ml of a solution of 4% paraformaldehyde in PBS. After an overnight immersion in a solution of 30% sucrose in PBS at 4°C, the spinal cord was cut into 120 m sections and mounted in Vectashield (Vector Laboratories). Observation was done using a fluorescence microscope (BX61; Olympus) at low magnification (20ϫ objective) and a cooled video camera (Retiga 2000R; Qimaging) with a color conversion filter. B 2 , Soma of the same motoneuron at higher magnification (60ϫ objective). Calibration, 50 m in both images.
The absolute value of the slope of this linear region gave the membrane time constant. The first equalizing time constant ( 1 ) was then obtained by "peeling off" the membrane time constant and doing a second linear fit.
Assuming that the motoneuron (soma and dendrites) can be approximated by an equivalent cylinder with spatially uniform membrane resistivity and capacitance, the electrotonic length was derived from the membrane time constant and the first equalizing time constant according to L ϭ /√( m / 1 Ϫ1), and the total capacitance of the motoneuron was estimated from the equation (Rall, 1969; Gustafsson and Pinter, 1984; Rall et al., 1992) . Since the estimates of L and C are obtained in the same way as in previous works on cat and rat motoneurons (Gustafsson and Pinter, 1984; Cormery et al., 2005) , we can readily compare the properties of mouse motoneurons with those reported for cats and rats.
We used the impedance amplitude profile (ZAP) method to characterize the resonant behavior of the cells as fully described by Manuel et al. (2007) . We generated a sine wave current,
, of 10 -30 s duration with the Power1401. The amplitude a was set to 0.5-1.5 nA. The frequency, which is the derivative of the phase b ϫ t k , increased as t 2 (k ϭ 3) from 0 to 100 Hz. We recorded 3-10 voltage responses, which were averaged off-line, and calculated the impedance Z as the ratio of the fast Fourier transforms of the voltage response and of the ZAP current. The frequency response curve (FRC) was obtained by plotting the impedance modulus versus the frequency. This curve was smoothed using a running average with a window of 3-5 Hz. A resonance of the neuron corresponded to a peak of the FRC at a preferred frequency (Hutcheon and Yarom, 2000) . The acuity of the resonance was quantified by the quality factor Q, defined as the ratio of the frequency response at the resonance frequency to the response at low frequency (1 Hz, in our case).
Action potential properties. The characteristics of action potentials were measured on spikes elicited by short intracellular depolarizing pulses. This ensured that the AHP was not contaminated by a substantial recurrent inhibition and by postsynaptic actions from afferents when stimulating the sciatic nerve. Single action potentials were elicited by brief depolarizing pulses of current (5 nA, 0.5 ms) repeated at the frequency of 2 Hz. We averaged ϳ20 successive records. We measured the spike height and its width at half-amplitude. We also measured the AHP amplitude, half-decay time (i.e., time between the AHP trough and the point where the AHP relaxed to half its amplitude), time constant (by fitting an exponential curve to the tail of the AHP), and total duration (i.e., the time between the beginning of the AHP and the point at which it had repolarized by 99%).
Discharge properties. The discharge properties were investigated using triangular ramps of current of slow velocity (0.1-2.5 nA/s) and with a maximum intensity of 3-16 nA, depending on the recruitment threshold of the motoneuron. F-I curves were obtained by plotting the instantaneous firing frequency versus the intensity of the injected current at the time of the spike. In few cases, long-lasting (500 ms) depolarizing current pulses, repeated at the frequency of 1 Hz, were also used to study the stationary discharge properties and firing frequency adaptation. The mean firing frequency was measured on the last 350 ms (to discard the initial frequency adaptation phase), averaged over at least three pulses, and plotted against the intensity of the current pulse to obtain the stationary F-I curve.
Results
We report here the properties of 37 mouse lumbar motoneurons.
Mouse motoneurons have a faster membrane time constant than cat and rat motoneurons despite their higher input resistance
We found that the membrane time constant of the mouse lumbar motoneurons is briefer than in cat and rat motoneurons. Fig. 2 A 2 , filled dot curve). The membrane time constant was 3.8 ms in the illustrated case. In our sample, the membrane time constants ranged from 0.5 to 4 ms (mean 2.5 Ϯ 1.0 ms; n ϭ 35) (Fig. 3A) . For comparison, the membrane time constant of lumbar motoneurons is two to three times larger in cats (Table 1) (Gustafsson and Pinter, 1984; Zengel et al., 1985) and approximately one-and-a-half to two times larger in rats (Beaumont and Gardiner, 2002; Cormery et al., 2005) .
In most cases, a voltage sag appeared in the responses to both depolarizing and hyperpolarizing pulses ( Fig. 2 B 1 , filled arrowhead), and a rebound (either hyperpolarizing or depolarizing) ( Fig. 2 B 1 , open arrowhead) was visible after the cessation of the pulse. The sag and the rebound increased with the size of the pulses. This suggested the presence of an I h current (McLarnon, 1995; Pape, 1996) . In the illustrated motoneuron, the peak and the plateau input resistances were equal to 3.0 and 2.3 M⍀, re- to a series of current pulses (bottom traces) lasting 500 ms and ranging from Ϫ3 to ϩ2 nA. Notice the sag on the voltage response of the motoneuron (filled arrowhead): the voltage rapidly reached a peak (black dot) before stabilizing to a lower plateau value (black square). After the current pulse has been terminated, a rebound (open arrowhead) appears. B 2 , Plot of the deflection of the voltage (⌬V ) versus the intensity of the current pulse. Dots have been measured at the peak of the response, whereas squares have been measured at the end of the pulse, as depicted by the symbols on top of B 1 . Straight lines are the best linear fits of the peak response (dashed) and the plateau response (dashed-dotted). The slopes of these lines are the peak input resistance and the plateau input resistance of the motoneuron, respectively.
spectively. The ratio between these two values (sag ratio) reflected the amount of I h current activated during the pulses. It was equal to 1.3 in this motoneuron. In the whole sample, the peak input resistance varied from 1.3 to 7.2 M⍀ (mean 3.7 Ϯ 1.7 M⍀; n ϭ 37) (Fig. 3A) , the plateau input resistance varied from 0.9 to 6.4 M⍀ (mean 3.1 Ϯ 1.6 M⍀; n ϭ 37) (Fig.  3B) , and the sag ratio varied from 1.0 to 1.7 (mean 1.2 Ϯ 0.1; n ϭ 37) (Fig. 3B) . The peak input resistances of mouse motoneurons were larger than in cat [0.6 -4.0 M⍀ (Gustafsson and Pinter, 1984) ] and rat [0.8 -5.1 M⍀ (Bakels and Kernell, 1993; Beaumont and Gardiner, 2002; Cormery et al., 2005; Button et al., 2006) ] motoneurons. As shown in Figure 3A , there was a tendency for the motoneurons with the largest input resistance to also have the largest membrane time constant (r ϭ 0.33; p ϭ 0.055). There was also a correlation between the sag ratio and the plateau input resistance (Fig. 3B ) (r ϭ Ϫ0.48; p Ͻ 0.01) showing that motoneurons with the smallest resistance tended to have the strongest I h current.
We measured the first equalizing time constant as shown in Figure 2 A 2 (open circles). It was equal to 0.7 ms in this motoneuron. This allowed us to estimate its electrotonic length (see Materials and Methods), which was equal to 1.4. In the whole sample, the electrotonic length ranged from 0.9 to 1.8 (mean 1.4 Ϯ 0.2; n ϭ 33) (Fig. 3C) , which is similar to the values reported in cat motoneurons (Table 1) (Burke and ten Bruggencate, 1971; Gustafsson and Pinter, 1984) . The electrotonic length did not depend on the input resistance (Fig. 3C ) (r ϭ Ϫ0.13, not significant), indicating that the electrotonic structure of a motoneuron did not depend on its size.
We calculated the total cell capacitance as explained in Materials and Methods. In the case illustrated in Figure 2 , it was equal to 2 nF. In the whole sample, the capacitance ranged from 0.2 to 2.4 nF (mean 1.2 Ϯ 0.6 nF; n ϭ 33) (Fig. 3D ). This is much smaller than in cat motoneurons (Table 1) [mean ϳ6 nF (Gustafsson and Pinter, 1984) ] and rat motoneurons [mean ϳ3 nF (Cormery et al., 2005) ]. The motoneurons with the smallest resistance did have a greater total capacitance (Fig. 3D ) (r ϭ Ϫ0.59; p Ͻ 0.001), showing that they indeed had a larger membrane area (see Materials and Methods).
Subthreshold resonance occurs at a higher frequency in mouse than in cat motoneurons
The resonant behavior of mouse motoneurons was investigated in 24 cells. Twenty-three of them showed a resonance at resting membrane potential. In both examples shown in Figure 4 , the voltage response to the ZAP current was not constant in amplitude (Fig. 4 A 1 ,B 1 ) , and the impedance curve (Fig. 4 A 2 ,B 2 ) displayed a maximum, indicating a resonance. These two examples differ by the resonance frequency (24 Hz in the first case and 9 Hz in the second) and by the quality factor (1.47 in the first example and 1.13 in the second). The resonance in cat spinal motoneurons was found to result from the combined action of the I h current that filters out the low frequencies, and of the passive membrane time constant that filters out the high frequencies (Manuel et al., 2007) . The mechanisms are probably the same in mouse motoneurons. As shown in Figure 4C , the resonance frequency was correlated to the membrane time constant (r ϭ Ϫ0.68; p Ͻ Peak input resistance (M⍀) 3.7 Ϯ 1.7 (1.3-7.2)*** 1.4 Ϯ 0.6 (0.5-2.6) a n ϭ 37 n ϭ 45 Plateau input resistance (M⍀) 3.1 Ϯ 1.6 (0.9 -6.4)*** 1.1 Ϯ 0.5 (0.4 -2.5) a n ϭ 37 n ϭ 45 Sag ratio 1.2 Ϯ 0.1 (1.0 -1.7) 1.4 Ϯ 0.2 (1.0 -1.9) a n ϭ 37 n ϭ 45 Membrane time constant 2.5 Ϯ 1.0 (0.5-4.0)*** 7.0 Ϯ 1.5 (3.9 -14.3) 17 Ϯ 6 (7-30)*** 11 Ϯ 3 (6 -20) a n ϭ 23 n ϭ 39
Values in the cells are mean Ϯ SD, with the range in parentheses, and the number of motoneurons. Asterisks indicate statistically significant differences (***p Ͻ 0.001) with cat motoneuron data (calculated using a onetailed Student's t test).
a Manuel et al. (2007) .
b Pooled data across physiological types from Zengel et al. (1985) .
c Pooled data across physiological types from Burke and ten Bruggencate (1971) .
d Engelhardt et al. (1989) .
0.001), the resonance frequency decreasing with increasing time constant. The resonance frequency was found to increase with the quality factor (Fig. 4 D) , which was itself linearly correlated with the sag ratio measured at the same potential (r ϭ 0.68; p Ͻ 0.01; n ϭ 15). This suggests that the sag ratio, the quality factor, and the resonance frequency all depend on the I h conductance (Manuel et al., 2007) . Furthermore, hyperpolarizing the one motoneuron that did not show a resonance at resting membrane potential by 13 mV (bias current Ϫ3.5 nA) elicited a resonant behavior (resonant frequency of 16 Hz; Q ϭ 1.2). Again, this suggests that the subthreshold resonance in mouse motoneurons involves the I h current. For the whole sample, the resonance frequency varied from 7 to 30 Hz (mean 17 Ϯ 6 Hz; n ϭ 23) (Fig. 4 D) , and the quality factor varied from 1.04 to 1.64 (mean 1.2 Ϯ 0.2; n ϭ 24) (Fig. 4 D) . As shown in Table 1 , the resonance frequency in mouse motoneurons was significantly higher than in cat motoneurons (the resonance has never been investigated in rat motoneurons). This was attributable to the faster membrane time constant of mouse motoneurons. In contrast, the quality factor was the same in mouse and in cat motoneurons (Table 1) .
Spike repolarization and AHP are fast in mouse motoneurons
The characteristics of action potentials elicited by short intracellular depolarizing pulses are displayed in Figure 5 , and their mean values and SDs are shown in Table 2 . In the example of Figure 5 , the spike height was 72 mV, its width was 0.30 ms, the amplitude of the AHP was 2.5 mV, its time constant was 14 ms, its half-decay time was 10 ms, and its duration was 63 ms. A comparison with data obtained by our group (Manuel et al., 2005 ; and unpublished data) on 32 lumbar motoneurons of cats (anesthetized with pentobarbital sodium as in the present study) showed that both the kinetics of spike repolarization and the kinetics of the AHP were faster in mouse than in cat motoneurons. On average, the spike width was one-third smaller in mouse motoneurons, the AHP time constant and AHP half-duration were about twice briefer, whereas the AHP duration was one-third shorter. Moreover, the average AHP amplitude was almost twice smaller despite the fact that the input resistance was larger (see above). This strongly suggests that both the kinetics and the AHP conductance recruited after the action potentials are smaller in mouse than in cat lumbar motoneurons. The comparison with rat lumbar motoneurons yielded the same conclusions (AHP half-decay,6.4 -25.8 ms; AHP amplitude same order of magnitude as in our sample of mouse motoneurons despite of the smaller input resistance of rat motoneurons) (Bakels and Kernell, 1993; Beaumont and Gardiner, 2002; Button et al., 2006) . The smaller AHP conductance in mouse motoneurons might result from the fast repolarization of the spike, which lessens calcium influx and thus reduces the activation of the SK channels (Krnjevic et al., 1978; Zhang and Krnjevic, 1987; Chandler et al., 1994) .
Discharge is affected by fast membrane potential oscillations
Mouse motoneurons display a phenomenon that has never been observed in cat and rat spinal motoneurons: fast oscillations that can deeply affect the discharge pattern. Figure 6 shows the responses of a mouse motoneuron to long depolarizing pulses of current (500 ms). The discharge displayed spike-frequency adaptation (Granit et al., 1963; Kernell, 1965) , as shown in the frequencygrams of Figure 6 . In response to a pulse of 5.3 nA (Fig. 6 A 1 ), the discharge started at a frequency of 125 Hz and declined rapidly to a firing rate of 22 Ϯ 6 Hz. However, the discharge was irregular [coefficient of variation (CV) 27%] after the adaptation period. The magnification on Figure 6 A 2 reveals the presence of fast oscillations (filled arrowheads), which could reach 2 mV in amplitude, in all the interspike intervals. These oscillations appeared after the AHP had fully relaxed and the membrane potential had returned to baseline. They allowed the motoneuron to discharge with an interspike interval longer than the duration of the AHP, but at the expense of an irregular discharge, since spikes were triggered after a variable number of oscillations. In response to a larger pulse (5.7 nA) (Fig. 6 B 1 ), irregularities were still observed in the discharge despite the higher mean frequency (54 Ϯ 15 Hz after the adaptation; CV 28%). The enlargement on Figure 6 B 2 shows again the presence Figure 2 . B 2 , Impedance curve. Inset, Response of the motoneuron to depolarizing and hyperpolarizing pulses (Ϯ1 and 2 nA). Note that the sag is smaller in this motoneuron than in the motoneuron shown in A. C, The resonance frequency was negatively correlated to the membrane time constant (r ϭ Ϫ0.68; p Ͻ 0.001). The solid line is the linear regression. D, Plot of the resonance frequency versus the quality of the resonance (r ϭ 0.74; p Ͻ 0.0001) and distributions of these two properties. The dashed line is the linear regression.
of oscillations (filled arrowheads) in some interspike intervals. They delayed the occurrence of the next spike and lowered the firing frequency, again at the expense of a greater firing variability. The oscillations disappeared when the current intensity was increased to 7 nA (Fig.  6C 1 ) . After adaptation, the stationary discharge was much more regular (98 Ϯ 3 Hz; CV 3%). In this case, the interspike intervals were fully dominated by the AHP as shown in Figure 6C 2 .
The mean stationary discharge frequency is plotted against the current intensity (see Materials and Methods) in Figure 6 D. The depolarizing pulses elicited in this motoneuron a sustained discharge for current intensities starting from 5.3 nA (as in Fig. 6 A) . However, many oscillations were visible in the response, up to a current of 6.5 nA. When oscillations were present, the discharge was irregular as indicated by the large SDs. For larger currents, oscillations were no longer present, and every spike was generated at the end of the AHP ramp as in Figure 6C . After the initial adaptation, the stationary discharge was very regular (as indicated by the short SD bars in Fig. 6 D) , and the mean frequency increased linearly with the injected current. This last region was similar to the classical primary range that has been described extensively in lumbar motoneurons of anesthetized cats and rats [see Powers and Binder (2001) for a review]. By analogy, we propose to call the zone of irregular discharge preceding the primary range, the subprimary range. The gain of the motoneuron can only be meaningfully defined in the linear primary range. The slope of the best linear fit in this range (solid line) yielded a value of 12 Hz/nA. The oscillations displayed a clear voltage dependence and appeared in the response to currents at smaller intensities than the current threshold for eliciting a sustained repetitive discharge (i.e., even before the subprimary range). In the example shown in Figure 7 , a few spikes appeared at the beginning of each pulse, but the discharge tended to stop rapidly (Fig. 7C) . The traces shown in Figure 7A 1 -A 4 are samples of the voltage taken after the cessation of the discharge. Whereas almost no oscillations were present when the potential was held at Ϫ55 mV (Fig. 7A 1 ) , they appeared at Ϫ52 mV (Fig. 7A 2 ) and increased in size when the membrane potential was depolarized. The voltage threshold for the oscillations was below the voltage threshold for spiking (Fig.  7C) . The oscillations were periodic as shown by the autocorrelograms below the records, in which peaks appeared with a period of 8 ms. The periodic character became more and more marked as the voltage increased (Fig. 7B) . The frequency of the oscillations was astonishingly high, ϳ125 Hz in this motoneuron, and did not seem to depend on the membrane potential (Fig. 7B) .
We plotted the F-I curve of the motoneurons using a triangular ramp of current, rather than a series of square current pulses n ϭ 32 AHP amplitude (mV) 2.8 Ϯ 1.7 (0.9 -7.6)*** 5.2 Ϯ 1.7 (1.8 -9.7) n ϭ 20 n ϭ 32 Time to peak (ms) 7.3 Ϯ 2.9 (1.4 -13.6)*** 10.5 Ϯ 3.2 (7.3-18.7) n ϭ 20 n ϭ 32 AHP time constant (ms) 10 Ϯ 3 (6 -14)*** 19 Ϯ 7 (10 -41) n ϭ 19 n ϭ 32 AHP half-decay time (ms) 10.1 Ϯ 2.4 (5.6 -15.8)*** 21.1 Ϯ 7.1 (11.3-42.6) n ϭ 20 n ϭ 32 AHP duration (ms) 46 Ϯ 11 (26 -67)*** 73 Ϯ 22 (40 -141) n ϭ 19 n ϭ 32
Values in the cells are mean Ϯ SD, with the range in parentheses, and the number of motoneurons. Asterisks indicate statistically significant differences (***p Ͻ 0.001) with cat motoneuron data (calculated using a one-tailed Student's t test). Cat data are from Manuel et al. (2005) and our unpublished data.
of increasing intensity, because it took much less time. We first verified on the same motoneuron as in Figure 6 that the same F-I curve was obtained using the "ramp protocol" compared with the "pulse protocol." We started with a very slow ramp (0.16 nA/s) (Fig. 8 A) to be as close as possible to the stationary condition. Once recruited, the motoneuron started to discharge in a very irregular manner and at rates as low as 2-3 Hz. For a current Ͼ4.5 nA, the discharge frequency tended to switch between a low and a higher rate as shown by the frequencygram in Figure 8 A 1 . The discharge was very hysteretic: the motoneuron was recruited by a current of 3.3 nA but stopped discharging for a current of 5.5 nA on the descending ramp (Fig. 8 A 4 , F-I curve). As shown in Figure 8 , A 2 and A 3 , oscillations (filled arrowheads) were again responsible for the discharge irregularities. At the end of the ramp (close to Fig. 8 A 3 ), despite the fact that many spikes occurred immediately after the AHP (interspike intervals fully "dominated" by the AHP; open arrowheads), some spikes were preceded by one oscillation, indicating that the current is still within the subprimary range. In this range, the F-I curve is highly nonlinear (Fig. 8 A 4 ). To reach the primary range, we needed to inject more current. We thus used a faster ramp to obtain the F-I curve within a reasonable time. We injected a current ramp reaching 7.4 nA with a velocity of 1.33 nA/s (Fig. 8 B) . In these conditions, the subprimary range (with fast oscillations and an irregular discharge) ( Fig. 8 B 2 ) was rapidly traversed before the primary range was reached. In the primary range, there was no oscillation in the interspike intervals ( Fig. 8 B 3 ), the discharge increased linearly, and the gain (measured on the ascending branch) was equal to 13 Hz/nA (i.e., close to the gain measured in the stationary conditions with long pulses; see above). In these conditions, the hysteresis of the subprimary range was much less important ( Fig.  8 B 4 ) than with the slow ramp ( Fig. 8 A 4 ). We then systematically tested the effect of 0.1-2.5 nA/s triangular ramps of current in 30 motoneurons. Twenty-two motoneurons displayed a sustained discharge in response to these ramps. In all of them, oscillations accompanied the discharge. They were present in the subprimary range and were repeated in the interspike intervals at a frequency of 100 -150 Hz. The oscillations were highly voltage dependent: they appeared a few millivolts below the voltage threshold of the first spike of the ramp and, in the subprimary range, they occurred at the end of the AHP ramp, when the potential approached the voltage threshold for spiking. In 12 motoneurons, a primary range followed the subprimary range (as in Fig. 8 B) . The primary range started at current intensities 0.2-2.7 nA (1.0 Ϯ 0.6 nA; n ϭ 12) above the recruitment current. The discharge frequency at the onset of the primary range varied from 40 to 70 Hz (58 Ϯ 10 Hz; n ϭ 12). A hysteresis was present most of the time on the sub-primary range (as in Fig. 8 ). This hysteresis was clockwise, with offset current higher than onset. We never observed any counterclockwise hysteresis on the primary range as in decerebrate cats (Hounsgaard et al., 1988) . This lack might be attributable to a blockade of the nimodipine-sensitive L-type calcium current by the anesthetics (Guertin and Hounsgaard, 1999) or to the low level of neuromodulation of our preparation (Lee and Heckman, 2000) . The gain in the primary range varied from 9 to 50 Hz/nA (17 Ϯ 11 Hz/nA; n ϭ 12). It was larger than in cat motoneurons (0.7-2.1 Hz/nA; mean 1.4 Ϯ 0.4 Hz/nA; n ϭ 16) (Manuel et al., 2006) than Figure 6 . Discharge properties of mouse motoneurons. A 1 , Voltage response (middle trace) of a motoneuron to a 5.3 nA, 500 ms square pulse of current (bottom trace). A 2 , Magnification of the region indicated by the horizontal line in A 1 . Filled arrowheads point to high-frequency oscillations that lengthened interspike intervals. B 1 , Response of the same motoneuron to a higher intensity of current (5.7 nA). B 2 , Magnification of the region indicated by the horizontal line in B 1 . Open arrowheads indicate interspike intervals dominated by the AHP, and filled arrowheads point to the fast oscillations that delayed the occurrence of a spike. C 1 , Response of the same motoneuron to an even larger (7.0 nA) current pulse. C 2 , Magnification of the region indicated by the horizontal line in C 1 . Notice that the time base is shorter than in A 2 and B 2 . D, Plot of the stationary discharge versus the intensity of the current pulse. Each point is the mean firing frequency Ϯ SD. Under ϳ6.6 nA (vertical dashed line), the firing was very irregular (as shown by the large error bars), and there was no linear relationship between the firing frequency and the current intensity [subprimary range (SPR)]. For currents Ͼ6.6 nA, the firing frequency became much more regular (the error bars are barely visible), and there was a clear linear relationship between the firing frequency and the current intensity [primary range (PR)]. The slope of the linear regression in the PR (solid line) gives an estimate of the gain of the motoneuron. The responses in A and B, where high-frequency oscillations were visible, correspond to a current intensity in the SPR, whereas the response in C, where no oscillation was visible, corresponds to the first point in the PR.
in rat motoneurons (1.3-4.1 Hz/nA; mean 2.7 Hz/nA; n ϭ 10) (Granit et al., 1963) . In the remaining 10 motoneurons (which did not differ from the others in terms of input resistance or threshold for spiking), we were not able to reach the primary range although we injected a similar amount of current as in motoneurons where a primary range was observed. The reason why these motoneurons do not display a primary range remains unclear.
Discussion
Mouse motoneurons were found to have a brief membrane time constant, a fast spike followed by a fast AHP, and high-frequency subthreshold oscillations. The latter made the discharge irregular and were responsible for a subprimary range in the F-I curve. These oscillations and the resulting subprimary range have never been observed in cat and in rat motoneurons.
A smaller geometry, but the same electrotonic length, compared with other species The faster time constant of mouse motoneurons indicates that their specific membrane resistivity is smaller than in cat and rat motoneurons. Since many ionic channels are opened at rest (HCN, leak potassium currents, etc.) (McLarnon, 1995) , we suggest that their density is higher in the membrane of mouse motoneurons than in cat and rat motoneurons. Although mouse motoneurons have a small specific membrane resistivity, they have a high input resistance. This discrepancy hints at a membrane surface smaller than in other species. Indeed, our estimation of the cell capacitance suggests that the membrane surface of mouse ␣-motoneurons is approximately five to eight times smaller than in cats and two-and-a-half times smaller than in rats. Measuring the dendritic and the somatic surface in threedimensional reconstructed mouse motoneurons would be required to confirm this prediction, but these data are available so far only in neonates (Amendola and Durand, 2008) . In adults, we can only compare the size of the soma measured on planar projections. In the study by McHanwell and Biscoe (1981) , the equivalent circle diameters of the soma ranged from 19 to 37 m (mean ϳ26 m; 32 m in the motoneuron we labeled in Fig. 1 B) . For comparison, in cat motoneurons, soma diameters ranged from 40 to 80 m (mean ϳ50 m) (Burke et al., 1977; Ulfhake and Kellerth, 1984; Horcholle-Bossavit et al., 1988) , whereas they ranged from 20 to 40 m (mean 30 m) in rats (Swett et al., 1986; Hashizume et al., 1988; Roy et al., 2007) . Finally, Ishihara et al. (2001) showed that the mean somatic diameter of soleus motoneurons was 26 m in mice, 34 m in rats, and 51 m in cats. Altogether, these data indicate that the soma diameter in mouse motoneurons is about twice as small (i.e., membrane area four times smaller) than in cats, and 10 -30% smaller than in rats. The reduction in dendritic membrane area should be even more important to account for by the differences in total membrane area between motoneurons of mice and other species. We found that, despite their different geometries, the electrotonic length of motoneurons was similar in mice and cats. Although the formula used in the present study is the best estimator of the electrotonic length, it may overestimate it by up to 20% in noncompact cells such as motoneurons . Nevertheless, our results suggest that the electrotonic structure of spinal ␣-motoneurons and the spatial integration of synaptic inputs may be similar across species.
Fast membrane kinetics and fast-frequency oscillations
In contrast, temporal integration is very different. Because of their small time constant, the resonance frequency of mouse motoneurons is higher than in cat motoneurons, indicating that mouse motoneurons are more responsive to higher-frequency inputs. Moreover, fast responsiveness of the membrane favors the high-frequency oscillations (100 -150 Hz) that are little filtered out. The longer membrane time constant of cat and rat spinal motoneurons might be a reason why they do not display highfrequency oscillations.
Several mechanisms may be hypothesized to explain these oscillations. Gap junctions could elicit them as the result of a collective behavior they induce in a network of electrically coupled neurons (Logan et al., 1996; Kiehn et al., 2000; Placantonakis et al., 2006) . However, this hypothesis is unlikely because oscillations appear when depolarizing a single neuron below its spiking threshold. Furthermore, even though gap junctions between motoneurons have been described in neonatal rats (Chang et al., 1999) , they tend to disappear with age (Walton and Navarrete, 1991) . We also considered the possibility that these fast oscillations are synaptic events coming from a recurrent network. However, the oscillations arose before the very first spike on a current ramp (data not shown). Moreover, the kinetics of the oscillations were probably too fast for synaptic events. For these reasons, we believe high-frequency oscillations in mouse motoneurons are an intrinsic phenomenon.
The fast oscillations are not caused by the subthreshold membrane resonance as in pyramidal cells of the guinea pig frontal cortex (Gutfreund et al., 1995) . The subthreshold resonance frequency (7-30 Hz) seen in mouse motoneurons is indeed too low to account for the high frequencies of oscillations. Furthermore, the oscillations are not present at the resting potential and Figure 6 to a slow (0.16 nA/s) current ramp. A 1 , Voltage response (middle trace), instantaneous firing frequency (top plot), and slow current ramp (bottom trace). Areas of interest indicated by the filled arrowheads have been magnified in A 2 and A 3 . A 2 , Spikes have been truncated. Filled arrowheads point to high-frequency oscillations. A 3 , Open arrowheads indicate interspike intervals presenting no visible oscillations, and filled arrowheads point to high-frequency oscillations. A 4 , Plot of the instantaneous firing frequency versus the intensity of the injected current for this particular ramp. Note the very irregular firing and a frequency generally Ͼ50 Hz. It was impossible to define a linear region in which to measure the slope. Note also that the discharge is very asymmetrical between the ascending branch of the ramp (Asc.; black dots) and the descending phase (Desc.; open squares). B, Response of the same motoneuron to a faster current ramp (1.33 nA/s). B 1 , Same organization as in A 1 . Areas of interest indicated by the arrowheads have been magnified in B 2 and B 3 . B 2 , This region corresponded to the very beginning of the discharge, and high-frequency oscillations preceded some of the spikes (filled arrowheads), whereas some interspike intervals were undisturbed (open arrowheads), creating an irregular spiking with long and short interspike intervals. B 3 , Magnification of the region indicated by the corresponding arrow in B 1 . B 4 , Plot of the instantaneous firing frequency versus the intensity of the injected current for this particular ramp. Contrarily to the situation in A 4 , a clear linear region is visible for currents Ͼ4.5 nA [primary range (PR)], whereas the firing is very irregular for lower current intensities [subprimary range (SPR)]. The gain of the F-I curve (13 Hz/nA) can be estimated by the slope of the linear regression (straight line) of the PR. Note that the firing frequency reached a much higher level (ϳ110 Hz) than in A 4 . Note also that although the discharge was more symmetrical that in A 4 , a clockwise hysteresis was still present. The transition between the PR and the SPR occurs for lower current on the ascending branch (dashed vertical line) than on the descending branch (dashed-dotted vertical line).
appear when depolarizing the neuron in sharp contrast with the resonance. Given the high frequency of the oscillations in mouse motoneurons, we may speculate that they are attributable to fast activating currents. A competition between currents involved in the spiking, namely a fast sodium current (that depolarizes the neuron) and a fast activating potassium current (that tends to repolarize it), might be responsible for the fast oscillations. A similar mechanism was suggested to account for subthreshold oscillations in stellate cells in the rat medial entorhinal cortex (Alonso and Klink, 1993) or in neurons of the layer IV of the frontal cortex (Llinas et al., 1991) . The spike of mouse motoneuron is particularly brief, suggesting that the transient sodium current and the delayed-rectifier potassium current are very rapidly activated. In addition, the A-potassium current might also be involved since it activates and inactivates in voltage ranges close to the sodium current (Safronov and Vogel, 1995) .
Function of the fast-frequency subthreshold oscillations
The discharge properties of motoneurons have to match with the mechanical properties of their motor units (Kernell, 2006) , in particular with their contraction time, which is faster in mice than in cats and in rats. In a fast contracting muscle, the extensor digitorum longus, the contraction time of mouse motor units varies from 4 to 12 ms (mean ϳ9 ms) (Bateson and Parry, 1983) , whereas in a slow contracting muscle, the soleus, it ranges from 7 to 37 ms (mean 17 ms) (Lewis et al., 1982) . For comparison, the contraction time of the fast contracting motor units in the cat gastrocnemius ranges from 16 to 30 ms, whereas their tetanic fusion frequency varies from 52 to 117 Hz (Burke, 1967) . In the same muscles, the corresponding values for the slow contracting motor units are 40 -87 ms and 16 -48 Hz, respectively. In view of the very short contraction time of mouse motor units in fast muscles, it is likely that the tetanic fusion frequencies of mouse motor units often exceed 150 Hz. These high discharge frequencies can be reached (Fig. 6 D) because of the high gain of mouse motoneurons. The shorter AHP time constant combined with a smaller AHP conductance (see Results) explain why the gain of mouse motoneurons is larger than in cat and rat. Indeed, the gain in the primary range is inversely proportional to the product of the AHP time constant and conductance (Bakels and Kernell, 1993; Meunier and Borejsza, 2005) [see Manuel et al. (2006) for an experimental demonstration].
The primary range started at frequencies between 40 and 70 Hz. This means that most motor units will already develop an unfused tetanus at the onset of the primary range. To produce less force, it is necessary to reduce the firing frequency. This cannot be achieved by the AHP alone. Indeed, if the primary range extended down to the recruitment current, motoneurons would start to fire at 30 -65 Hz. The subprimary range created by the fastfrequency oscillations allows motoneurons to fire at much lower frequencies (as low as a few hertz) when they are recruited and until the synaptic inputs are strong enough to bring them to the primary range. Human motoneurons are also able to fire at rates as low as 4 Hz during voluntary weak contractions (i.e., with an interspike interval longer than the estimated duration of the AHP (Kudina, 1999; Matthews, 1999) . This low-frequency firing range was also called subprimary range. However, this low-frequency firing in human motoneurons is thought to be attributable to spikes triggered randomly by synaptic events after the AHP has fully relaxed, instead of fast subthreshold oscillations.
We propose that the function of sub-threshold oscillations in mouse motoneurons is to enable the motor units to produce small forces by lowering the firing frequency. However, this is at the expense of an irregular discharge. It remains to understand how a muscle can then produce calibrated forces despite of the irregular firing of its individual motor units.
